Puya, a large genus mostly from South America, has been taxonomically divided into two subgenera: Puyopsis and Puya. The latter includes only eight species distributed mainly in Chile, extending to Argentina, Bolivia, and Peru. The species of subgenus Puya are recognized by the presence of a sterile apex of the inflorescence branches, whereas those of subgenus Puyopsis have fertile flowers all along the branches. The objectives of this article were to determine whether this diagnostic character was synapomorphic for subgenus Puya, and to explore the relationships between its species. Parsimony analyses were performed for 43 taxa and 93 morphological characters, 87 of which were discrete and six continuous. In the analysis that included all characters, a single most parsimonious tree was found that supported subgenus Puya by two synapomorphic character states, including the diagnostic character of a sterile inflorescence branch apex and a blooming pattern in which flowers open gradually from base to apex. The trees were better supported when the continuous characters were included. Further studies are suggested to resolve the infrageneric classification of Puya and the relationships of the species belonging to subgenus Puya.
INTRODUCTION
Puya Molina is a genus of Bromeliaceae that is almost exclusive to South America -only two taxa are found in Costa Rica -and includes approximately 199 species (Smith & Downs, 1974; Luther, 2002) . The description of Puya is based on diagnostic attributes, such as petals spiralled and persistent after anthesis (Smith & Downs, 1974) . The genus was previously divided into a number of subgenera, including Chagualia, Pitcairniopsis, and Pourretia (Mez, 1896; Smith & Looser, 1935) . However, only two subgenera are currently recognized: Puya and Puyopsis (Smith, 1970) . Subgenus Puyopsis (Baker) L.B. Sm. has fertile flowers along the branches of inflorescences, whereas subgenus Puya lacks fertile flowers at the apex of the branches of inflorescences (Smith, 1970; Smith & Downs, 1974) .
The majority of the species belong to subgenus Puyopsis, and only nine have been included in subgenus Puya. Smith & Downs (1974) Weber (1984) and Puya gilmartiniae G.S. Varadarajan & A.R. Flores (1990) were described. However, the only differentiating character between P. quillotana and P. chilensis was the pubescence of the leaves recorded from a single incomplete specimen. Therefore, here it is considered as a synonym of P. chilensis, and only eight species are included in subgenus Puya.
The morphological variation in Puya is remarkable, mainly in the size of plants and floral parts, the branching patterns of the inflorescence, and the arrangement of the flowers in the inflorescence.
Some of these variable characters are found amongst species of subgenus Puya. For example, the largest bromeliad in the world, P. raimondii, reaches approximately 12 m in height, in comparison with P. alpestris that only grows to approximately 1.5 m. Plants of P. boliviensis lack a stem, whereas the plants of the rest of the species of subgenus Puya have a welldeveloped stem, which may be simple, as in P. raimondii, or branched, as in P. chilensis.
The position of Puya has posed a problem in the phylogenetic analyses of Bromeliaceae. It has been included in Pitcairnioideae, related to Pitcairnia by morphological characters and chloroplast DNA restriction site variation (Varadarajan & Gilmartin, 1988; Ranker et al., 1990 ). However, current molecular approaches that have considered one or a few species of Puya have indicated that the Bromelioideae is the sister group of the genus (Terry, Brown & Olmstead, 1997; Crayn et al., 2000 , Crayn, Winter & Smith, 2004 Givnish et al., 2004; Barfuss et al., 2005) . The traditional classification of the Bromeliaceae has recognized three subfamilies: Pitcairnioideae, Bromelioideae, and Tillandsioideae (Smith & Downs, 1974) . Recent phylogenetic studies have not agreed on the composition or position of these groups; contradictory results are mainly related to which groups emerged first (Clark & Clegg, 1990; Ranker et al., 1990; Terry et al., 1997; Crayn et al., 2000; Horres et al., 2000; Givnish et al., 2004; Barfuss et al., 2005) . The monophyly of the Pitcairnioideae has been questioned, and therefore both new subfamilies and tribes could be defined in the future (Ranker et al., 1990; Terry et al., 1997; Givnish et al., 2004) . By the way of an example, a new tribe -Puyeae -has been suggested (Terry et al., 1997; Benzing, 2000) .
Phylogenetic analyses of Puya are still lacking. The only study that evaluated morphological data included only nine species (Varadarajan & Gilmartin, 1988) , not sufficient to understand this varied and complex group. Current molecular phylogenetic approaches in the Bromeliaceae have included only one or a few species of Puya (Terry et al., 1997; Crayn et al., 2000 Crayn et al., , 2004 Givnish et al., 2004; Barfuss et al., 2005) .
The aims of this study were to carry out phylogenetic analyses based on morphological characters to determine the characters that support subgenus Puya, and to investigate the relationships between the species of this subgenus. Molecular approaches in Bromeliaceae have found very little variation in a number of chloroplast DNA regions, such as trnK, rps16, trnL, trnL-trnF atpB-rbcL, rbcL, and matK (Terry et al., 1997; Crayn et al., 2000 Crayn et al., , 2004 Givnish et al., 2004; Barfuss et al., 2005) , and nuclear regions, such as internal transcribed spacer (ITS), are only just beginning to be explored (Horres et al., 2000) . Therefore, this study provides an initial estimate of the phylogenetic relationships of the species of subgenus Puya until variable molecular characters are found.
In addition to discrete morphological attributes, continuous characters were considered in the analyses. There is controversy over the use of these characters for cladistic analysis. Arguments against the use of these characters are threefold: (1) those related to the concept of homology; (2) those against the way in which continuous characters are broken down; and (3) those against the concept that characters are classes and not individuals (Archie, 1985; Pimentel & Riggins, 1987; Cranton & Humphries, 1988; Chappill, 1989; Stevens, 1991; Thiele, 1993; Rae, 1998; Kluge, 2003; Grant & Kluge, 2004) . In this study, six continuous characters were coded according to their range of measurement, utilizing the computer program TNT (Goloboff, Farris & Nixon, 2003) . TNT deals with continuous characters as such, avoiding the use of ad hoc methods that have been proposed to discretize continuous distribution in phylogenetic analysis (gap-coding, Thiele's method, etc.) (Goloboff, Mattoni & Quinteros, 2006) . The inclusion of continuous characters will allow for an understanding of the evolution of the size of several floral and vegetative elements in subgenus Puya.
MATERIAL AND METHODS

TAXON SAMPLING
In addition to the eight species of subgenus Puya, 20 taxa of subgenus Puyopsis were included on the basis of the following criteria: (1) species representative of the entire range of distribution; and (2) species representative of different morphological patterns, well represented in herbaria. For the outgroups, 15 taxa representative of the three traditional subfamilies were selected: Pitcairnioideae, Bromelioideae, and Tillandsioideae (Baker, 1889; Smith & Downs, 1974) . These taxa correspond to the different clades identified by molecular phylogenetic studies (Clark & Clegg, 1990; Ranker et al., 1990; Terry et al., 1997; Crayn et al., 2000; Horres et al., 2000; Givnish et al., 2004; Barfuss et al., 2005) . Forty-three terminal taxa were included (see Appendix 1). From these, Brocchinia was used to root the tree, as it is the most distantly related genus.
MORPHOLOGICAL DATASET
The data matrix (Appendix 2) consists of 93 characters: 87 discrete and six continuous characters. Vegetative as well as floral and micromorphological characters were included. Some of these characters are shown in Figures 1 and 2 . Micromorphological characters were observed with either an optical microscope or a JEOL JSM-5600 LV scanning electron microscope. Four hundred and sixty-six herbarium specimens were examined, some of which were collected for this project. They are listed in Appendix 1. The characters and their states are given in Table 1 . For characters 25 and 26, the percentage of hairs on both abaxial and adaxial surfaces was estimated by dividing the microscope field into four.
Continuous characters (Table 2) were divided into character states with TNT. The program considers measurements as a range (minimum/maximum) of the character for each species with values from 0 to 65, using up to three decimals. The characters were optimized using Farris' method for additive characters (Farris, 1970) . During the optimization of a given node, if the ranges of the descendant nodes overlapped, the method counted no steps; if the ranges did not overlap, it counted the minimum distance from one range to the other (i.e. the numeric difference between the two closest values of the two descendant ranges) (Goloboff et al., 2006) . Measurements were standardized by a log(x + 1) transformation, because of differences in scale (Table 2 ). There were up to 32 states for some of these characters, as implemented in TNT (Goloboff et al., 2003) .
PHYLOGENETIC ANALYSIS
The data matrix was constructed using WINCLADA (Nixon, 2002) . Cladistic analyses under parsimony criteria were performed using the program TNT (Goloboff et al., 2003) . Separate analyses were performed: the first dataset included only the discrete characters, and the second included the discrete and continuous characters. Parsimony analyses were performed with 1000 starting trees with tree bisectionreconnection (TBR), saving 50 trees per replication. Support was estimated by jackknife by resampling 1000 times with the TBR set with a removal probability of 30%. Bremer support (Bremer, 1994) was calculated only for the combined dataset as implemented in TNT (Goloboff et al., 2003) .
RESULTS
CLADISTIC ANALYSES
The analysis with discrete characters retrieved nine most parsimonious trees (MPTs) [L = 505 steps; consistency index (CI), 0.250; retention index (RI), 0.522]. The strict consensus is shown in Figure 3 . In the analysis with discrete and continuous characters, a single MPT was retrieved (Fig. 4 ) (L = 530 steps; CI, 0.250; RI, 0.515). In the data matrix with discrete characters, the 87 characters were parsimony informative. In the data matrix with continuous + discrete characters, 93 characters were parsimony informative. Autapomorphic characters were scored but not taken into account in the analyses.
PHYLOGENETIC RELATIONSHIPS
In the discrete character analysis, only a clade that included two Pitcairnia species was well supported (jackknife 93%; Bremer support value, > 2) (Fig. 3) . The species of Puya were grouped in a clade (Bremer support value, > 1). The species in subgenus Puya were grouped in a subclade without support within a larger clade together with Puya goudotiana and Puya retrorsa (Bremer support value, > 1). In the discrete + continuous character analysis, more clades received support (Fig. 4) . The Puya clade received a jackknife value of 51% and a Bremer support value of > 3. The single MPT retrieved by this analysis shows species of Puya in two clades without support. The first is the Puya laxa clade and the second has two subclades: the subgenus Puya subclade and the Puya aristeguietae subclade. The subgenus Puya clade received a jackknife value of 52% and a Bremer support value of > 2 (Fig. 4) .
SYNAPOMORPHIC CHARACTERS
In the discrete character analysis, the genus Puya was supported by six synapomorphic character states, two of which were unambiguous: petals spiralled and twisted together after anthesis (77:1; CI, 100) and petals spiralled persistent at the apex of fruit (91:1; CI, 100) (Fig. 3) . Subgenus Puya was supported by two character states: presence of a sterile inflorescence branch apex (44:1; CI, 100) and flowers opening sequentially from inflorescence branch base to apex (47:0, CI, 100). In the analysis that included the discrete + continuous characters, the genus Puya and the subgenus Puya were supported by the same synapomorphic states as in the discrete character analysis (Fig. 4) .
DISCUSSION
In this study, the species classified in subgenus Puya were recovered in a clade supported by two synapomorphic character states. It was confirmed that the diagnostic character for the subgenus (presence of a sterile inflorescence branch apex) is a synapomorphy that supports this clade. The other character state that was synapomorphic was the blooming pattern, in which the flowers open gradually from base to apex. Johow (1898) suggested that a sterile apex on the branches of the inflorescence is an adaptation that provides support for perching birds. We have observed in the field that, in P. raimondii, both hummingbirds and passerine birds visit the flowers, and so the sterile apex of branches in this species is not specifically for perching birds. However, more information on the pollination system of the species in subgenus Puya will clarify the importance of the sterile apex in relation to pollinators.
Our results imply that subgenus Puyopsis is paraphyletic. The studied species of this subgenus are grouped into two clades, one of which is the sister group of the species of subgenus Puya. Several other subgenera have been proposed in the past, including Chagualia Smith & Looser, Pourretia Mez, and Pitcairniopsis Mez (Smith & Looser, 1935; Smith, 1970) , and, most probably, some will have to be resurrected. Thus, further analyses with more taxa and a larger number of characters are needed to recover trees that are better resolved, and to determine the infrageneric classification of Puya and the relationships of its species. Such analyses will also clarify the status of the group formed by northern South American species represented by the P. aristeguietae clade that is closely related to subgenus Puya.
The topology of the cladograms was better supported when continuous characters were included. None was synapomorphic. This coincides with the results of previous analyses in which these characters were taken into account (for example, Lehtonen, 2006) . We did not break up the range of measurements of the characters, as normally carried out (see Garcia-Cruz & Sosa, 2006) . Instead, we used TNT, which analyses continuous characters as such. Our results indicate that continuous characters contain phylogenetic information, and justifies that they are homologous.
When the continuous characters are visualized in the single MPT (Fig. 4) retrieved by the discrete + continuous character data matrix, the general pattern of species of subgenus Puya is that of an increase in plant, inflorescence, sepal, and petal size. The species of subgenus Puya are in a grade, with the Leaf length 3.
Inflorescence length 4.
Floral bract length 5.
Sepal length 6.
Petal length 7.
Rosette type: 0, tank; 1, cistern (tubular cylindrical); 2, tufted (graminoid). In the tank type, the leaves are at an angle of 45°and water is retained; in the cylindrical or tubular type, the leaves overlap and they are erect and form a container; the tufted type is similar to the habit of grasses 8.
Stem: 0, acaulescent; 1, caulescent 9.
Stem type: 0, erect; 1, prostrate 10.
Stem branching: 0, simple; 1, branched 11.
Reproduction: 0, monocarpic; 1, polycarpic 12.
Inflorescence/rosette relative length: 0, same; 1, inflorescence once the length of rosette; 2, inflorescence twice the length of rosette; 3, inflorescence smaller than rosette 13.
Leaf position in the rosette during blooming: 0, erect; 1, recurved-reflexed; 2, ascendent 14.
Leaf margin: 0, parallel; 1, convergent 15.
Leaf blade apex: 0, acute or attenuate; 1, rounded; 2, mucronate or acuminate 16.
Leaf capacity of leaves to retain water: 0, absent; 1, present 17.
Leaf margin: 0, entire; 1, serrate 18.
Leaf margin: thorn orientation: 0, one way, antrorse; 1, one way, retrorse; 2, with both orientations, antrorse and retrorse 19.
Leaf margin: thorn colour: 0, black-brownish; 1, brown-reddish or greenish; 2, yellow to red 20.
Leaf nervation: 0, without a prominent median nerve; 1, with a prominent median nerve 21.
Leaf petiole: 0, absent; 1, present 22.
Leaf pubescence of adaxial surface: 0, glabrous; 1, with scales; 2, with hairs (pubescent) 23.
Leaf pubescence of abaxial surface: 0, glabrous; 1, with scales; 2, with hairs (pubescent) 24.
Leaf adaxial and abaxial surfaces: trichomes: 0, with central disc cells and wings; 1, without a central disc but with wings; 2, irregular cells with neither central disc nor wings 25.
Leaf adaxial surface: percentage of pubescence: 0, 25%; 1, 50-75%; 2, 100% 26.
Leaf abaxial surface: percentage of pubescence: 0, 25%; 1, 50-75%; 2, 100% 27.
Inflorescence: peduncle: 0, included in rosette; 1, emerging rosette; 2, equalling rosette 28.
Inflorescence: 0, erect; 1, pendule or nutant 29.
Inflorescence: peduncle diameter: 0, less than 2 cm; 1, 2-10 cm; 2, more than 10 cm 30.
Inflorescence reddish coloration: 0, absent; 1, present 31.
Inflorescence: peduncle covered with bracts: 0, totally; 1, partially 32.
Inflorescence: peduncle bracts shape: 0, oblong-elliptic; 1, ovate 33.
Inflorescence: bract margin: 0, entire; 1, serrate or serrulate 34.
Inflorescence: bract pubescence: 0, glabrous; 1, with scales; 2, with hairs 35.
Inflorescence: branching: 0, simple; 1, branched 36.
Inflorescence position: 0, apical; 1, lateral 37.
Inflorescence: consistency of the rachis of inflorescence: 0, nonfleshy; 1, fleshy 38.
Inflorescence: strobiliform: 0, absent; 1, present 39.
Inflorescence: flower disposition type: 0, spikes; 1, racemes 40.
Inflorescence: flower density in the entire inflorescence: 0, lax; 1, dense 41.
Inflorescence: branch arrangement: 0, polystichous; 1, distichous 42.
Inflorescence: branch shape: 0, globose; 1, oblong-elliptic 43.
Inflorescence: branch position: 0, alternate; 1, verticillate 44.
Inflorescence: sterile apex of branches: 0, absent; 1, present 45.
Inflorescence: density of flowers along branches: 0, lax; 1, dense 46.
Inflorescence: shape: 0, triangular; 1, oblong 47.
Inflorescence: blooming pattern: 0, flowers opening sequentially from inflorescence branch base to apex; 1, flowers opening in any position 48.
Inflorescence: bract/branch length: 0, bracts smaller or equalling branches; 1, bracts larger 49.
Inflorescence: bract length: 0, larger than the axil of an inflorescence's branch; 1, smaller than or equal to the axil of an inflorescence's branch exception of a small terminal clade formed by P. castellanosii and P. raimondii. Plants of the former are medium sized, but the latter is the largest bromeliad in the world, with a very large inflorescence (Foster, 1950; Varadarajan & Gilmartin, 1988) . In addition, P. raimondii's flowers have larger petals in comparison with those of the other species of the subgenus, but the inflorescence is gigantic, and thus holds several thousands of flowers. Of all the species in Bromeliaceae, P. raimondii produces the largest number of flowers per inflorescence (Foster, 1950; Varadarajan & Gilmartin, 1988) . Puya raimondii does not show clonal growth; it only reproduces by seeds (Hornung-Leoni & Sosa, 2004) . Therefore, it is suggested that the reproductive strategy of this species is to produce more flowers to increase seed set. The results of a previous study have shown that there is an allometric pattern in Puya in which plant size is Floral bract colour (fresh material): 0, greenish; 1, brownish; 2, red-orange 61.
Floral sterile bracts among flowers: 0, absent; 1, present 62.
Flower disposition: 0, distichous; 1, polystichous 63.
Flower phyllotaxis: 0, opposite; 1, alternate; 2, verticillate 64.
Flower: pedicel: 0, absent; 1, short (< 2 mm); 2, medium (2-6 cm); 3, large (> 6 cm) 65.
Flower: length with regard to bracts: 0, larger; 1, smaller; 2, equal size 66.
Flower: bract pubescence: 0, absent; 1, present 67.
Flower: sepal length with regard to bracts: 0, larger; 1, smaller; 2, equal size 68.
Flower: sepal symmetry: 0, symmetrical; 1, strongly asymmetrical 69.
Flower: sepals carinate: 0, absent; 1, present 70.
Flower: sepal union: 0, free; 1, sepals connate at least at half; 2, connate only at the base 71.
Flower: sepal apex: 0, acute-attenuate; 1, rounded-obtuse; 2, mucronate-acuminate 72.
Flower: sepal length with regard to petal: 0, 1/3 smaller; 1, 1/2 smaller or less; 2, equal size 73.
Flower: sepal colour: 0, yellowish; 1, reddish or coloured; 2, greenish-white-cream; 3, brownish 74.
Flower: sepal pubescence: 0, absent; 1, present 75.
Flower: petal colour: 0, white-cream; 1, blue-violet; 2, dark green-blue; 3, red-rose; 4, yellow-greenish 76.
Flower: petal shape: 0, oblong-elliptic; 1, obovate 77.
Flower: petals spiralled and twisted together after anthesis: 0, absent; 1, present 78.
Flower: petal apex: 0, acute-attenuate; 1, rounded-obtuse; 2, mucronate-acuminate 79.
Flower: petal symmetry: 0, asymmetric; 1, symmetric 80.
Flower: petaloid appendices at base of petals: 0, absent; 1, present 81.
Flower: relative size of stamen with respect to the flowers: 0, inserted; 1, exerted 82.
Flower: stamens adnate to petals: 0, absent; 1, present 83.
Flower: stamens in a column: 0, absent; 1, present 84.
Flower: anthers: 0, basifixed; 1, dorsifixed 85.
Flower: stamen length with regard to style: 0, larger or equal size; 1, smaller 86.
Flower: anther shape: 0, sagittate; 1, oblong-elliptic 87.
Flower: ovary: 0, superior; 1, semi-inferior; 2, inferior 88.
Flower: style size with regard to ovary: 0, larger; 1, smaller or equal 89.
Fruit: type: 0, capsule; 1, berry; 2, drupe; 3, multiple fruit 90.
Fruit: dehiscence of capsules: 0, septicidal; 1, loculicidal; 2, both 91.
Fruit: petals persistent at apex of fruit: 0, absent; 1, present 92.
Seed: 0, naked; 1, plumose; 2, winged; 3, appendiculate 93.
Roots: wide radicular system: 0, absent; 1, present correlated with petal length (Hornung-Leoni & Sosa, 2005) . It is suggested that, in subgenus Puya, large and giant plants have large inflorescences; this is advantageous because, if the flowers are mediumsized, there is an increase in flower number and a larger seed set can be produced. Furthermore, it has been demonstrated that large plants with a large number of flowers are more attractive to pollinators (Kawasaki & Hori, 1999) . In the clade of subgenus Puya, the flowers are covered by small to large bracts. It is interesting that P. alpestris and P. berteroniana, species that can be confused, are differentiated by the size of their floral bracts (in the latter species they are larger). Puya chilensis, P. castellanosii, and P. raimondii have flowers with large bracts. More information is needed on the pollination system of the species in this group to understand the evolution of this floral character.
It is concluded that, in order to corroborate the infrageneric classification of Puya, an extended sampling of the species is needed. Our results clearly show that the species classified in subgenus Puya are retrieved in a group; however, the results do not conclusively determine the taxonomic status of these species. More informative characters would also be useful to resolve the relationships of the species belonging to this large genus. Molecular datasets will undoubtedly provide these variable characters.
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